Large-scale TSS profiling produces a high-resolution, quantitative picture of transcription initiation 2 and core promoter locations within a genome. However, application of TSS profiling to date has 3 largely been restricted to a small set of prominent model systems. We sought to characterize the 4 cis-regulatory landscape of the water flea Daphnia pulex, an emerging model arthropod that repro-5 duces both asexually (via parthenogenesis) and sexually (via meiosis). We performed CAGE with 6 RNA isolated from D. pulex within three developmental states: sexual females, asexual females, and 7 males. Identified TSSs were utilized to generate a 'Daphnia Promoter Atlas'-a catalog of active 8 promoters across the surveyed states. We carried out de novo motif discovery using CAGE-defined 
Introduction

17
All biological processes, including development, differentiation, and maintenance of homeostasis, rely 18 upon precise, coordinate regulation of gene expression. A key early step in gene expression is transcription 19 initiation at the core promoter, a short genomic region containing the transcription start site (TSS) 20 (Kadonaga 2012) . During initiation, sequences within core promoters recruit general transcription factors 21 (GTFs), which is followed by binding of RNA polymerase II (RNAPII) and formation of the pre-initiation 22 complex (PIC) (Cosma 2002) . Identifying the locations and composition of promoters is fundamental 23 for understanding the basis for gene expression regulation. Recent work (Frith et al. 2008 , Hoskins 24 et al. 2011 demonstrates that core promoters are structurally more diverse than previously appreciated.
25
This diversity is thought to reflect large numbers of developmental programs and regulatory strategies 26 (Lenhard et al. 2012) , but the precise rules and mechanisms underlying promoter function remain unclear.
27
Genome-scale TSS profiling has identified promoters in a number of metazoans tium and the RIKEN PMI and CLST (DGT) 2014, Lenhard et al. 2012) . CAGE (Cap Analysis of Gene 29 Expression) (Kodzius et al. 2006 , Kurosawa et al. 2011 , the most prominent TSS profiling method, iden-30 tifies core promoter positions at high resolution. This approach revealed that most genes do not possess 31 a single TSS, but instead exhibit sets of closely spaced TSSs that will be referred to as Transcription
32
Start Regions (TSRs) in the following. While the largest number of TSS profiling studies have been 33 performed in mammalian (human and mouse) systems (Djebali et al. 2008, FANTOM Consortium and 34 the RIKEN PMI and CLST (DGT) 2014), CAGE has also been performed in non-mammalian meta-35 zoans, including fruit fly (Hoskins et al. 2011) , nematode (Nepal et al. 2013) , and zebrafish (Haberle 36 et al. 2014) . Overall, these studies indicate that the majority of core promoters in metazoan genomes 37 lack TATA elements (Lenhard et al. 2012) , an unanticipated finding given previously established models 38 for transcription initiation. At least two major promoter classes are evident. In human and mouse, the 39 largest class is known as CpG island promoters (CPI) (Saxonov et al. 2006 , Lenhard et al. 2012 ). These 40 promoters are located near CpG islands and are generally of high GC-content and depleted for TATA 41 elements. Sequences in the other major promoter class, called "low-CpG", exhibit low GC-content and gle prominent TSS, whereas "broad" promoters instead feature multiple TSSs distributed across a wide
48
(30 bp and longer) genomic region (Kadonaga 2012 , Lenhard et al. 2012 . These TSS distribution pat-49 terns appear to coincide with the aforementioned (mammalian) classes of promoter architecture: peaked 50 promoters are highly associated with the low-CpG promoter class, whereas broad TSS distributions tend 51 to be found at high-CpG promoters. Peaked and broad promoters also regulate separate functional 52 gene classes: genes with peaked promoters tend to be developmentally regulated or tissue-specific, while 53 genes with broad promoters tend to be housekeeping genes exhibiting constitutive expression (Lenhard 54 et al. 2012) . Recent work using CAGE from a variety of mammalian cell types unexpectedly detected 55 widespread enrichment of TSSs at enhancers (Andersson et al. 2014) . The new class of RNA defined 56 by this work, enhancer RNAs (eRNAs), are short, transient, RNAPII-derived transcripts generated at 57 active enhancer regions. While enhancers appeared to be distinguishable from promoters on the ba-58 sis of transcript stability and bidirectionality (Andersson et al. 2014) , subsequent reports suggest that 59 enhancers and promoters possess common properties, including motif composition and activity (Arner 60 et al. 2015) .
61
Despite recent progress, considerable gaps remain in the understanding of promoter architecture 62 across metazoan diversity. To date, high-resolution TSS profiling has been reported in just two arthro-63 pod species, both closely-related drosophilids: D. melanogaster (Hoskins et al. 2011) and D. pseudoob-64 scura (Chen et al. 2014) . Promoter profiling in a broader set of taxa is necessary to establish robust 65 comparative genomic analyses of cis-regulatory regions in metazoa. To address this need, we performed 66 TSS profiling using CAGE in the water flea Daphnia pulex. A freshwater microcrustacean with a cos-67 mopolitan distribution, D. pulex is notable for its ability to reproduce both sexually and asexually, high 68 levels of heterozygosity, and relatively large effective population sizes (N e ) compared to other broadly 69 dispersed arthropods (Tucker et al. 2013 , Haag et al. 2009 ). D. pulex serves as a key model system 70 throughout the biological sciences, from ecosystem ecology to molecular genetics. By mapping TSSs for 71 D. pulex from active promoters within the three developmental states of sexual females, asexual females, 72 and adult (sexual) males, we sought to characterize the architecture of core promoters in D. pulex and 73 also explore meiosis-and sex-specific gene regulatory programs. We successfully identified TSSs at high 
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76
TSSs, obtaining consensus sequences of canonical core promoter elements, including TATA and Initiator 77 (Inr). The quantitative tag counts from the CAGE datasets allowed us to identify differentially-expressed 78 genes within each of the three states surveyed, including those regulated in a sex-specific manner. The 79 resultant D. pulex promoter atlas extends our knowledge of metazoan cis-regulation into Crustacea, a 80 taxonomic expansion that will also serve as a public resource for functional and comparative genomics. tissues were compared, we define TSRs that agree (i.e. overlap) in all cases as "consensus promoters"
96
( Figure 1A , panel iv).
97
A promoter atlas in Daphnia pulex 98 D. pulex can reproduce asexually, through ameiotically-produced eggs that develop directly, and sexually, 99 through diapausing eggs. We generated CAGE datasets from three distinct adult states of D. pulex (Fig-100 
5
. CC-BY-NC-ND 4.0 International license not peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/047894 doi: bioRxiv preprint first posted online Apr. 20, 2016; Figure S1 and S2).
106
We then applied a computational analysis pipeline to identify CTSSs, TSRs and consensus promoters 107 ( Figure 1A ) from CAGE reads across each of the three states (See Methods).
108
We evaluated our CAGE definitions in their entirety by considering their locations within the D.
109
pulex genome. Among CTSSs (n=2,332,582) pooled across all states, we observe that a sizable fraction
110
(67.5%) were located within 1 kb of a CDS, while 9.88% were present in the first 1 kb downstream of a 111 stop codon ( Figure 1C ), an observation also reported in D. melanogaster (Hoskins et al. 2011 genes, while only a small fraction (1.95%) were located downstream of annotated CDSs ( Figure 1C ).
115
From this we conclude that CTSSs supported by many CAGE reads are more likely to be positioned 116 upstream of coding genes than those supported by fewer reads.
117
Similar numbers of TSRs (between 11,289 and 11,558) are identified within the three individual 118 states, totaling 12,662 unique TSRs overall (Table 2 ). The majority of identified promoters (83.1%) were 119 positioned within the first 1 kb upstream of coding genes, indicating general but incomplete agreement 120 with the current D. pulex gene annotation ( Figure 1C ). This work represents a comprehensive, sex-specific 121 promoter atlas in adult D. pulex, the first of its kind in crustaceans.
122
Promoter shape, base composition, and expression class
123
The property of the distribution of TSSs is known to be key descriptor of the structure and composition
124
of the underlying promoter in metazoans (Rach et al. 2009 , Hoskins et al. 2011 Large-scale TSS profiling in D. pulex widths >30 bp (Figure 2A ). Overall, We observe a median width of 5 bp, and a mean width of 12 bp 129 for all consensus promoters. We applied a second metric, promoter shape, which measures the stability 130 of the CAGE tag distribution at a TSR. For example, a TSR with a sharp distribution of CAGE tags 131 surrounding a single major CTSS would be considered peaked, whereas a TSR with numerous distinct
132
CTSSs supported by roughly equivalent numbers of CAGE tags would be broad. We applied the Hoskins
133
Shape Index (SI) (Hoskins et al. 2011) to measure shape across all consensus promoters. We also observe 134 a wide range of consensus promoter shapes ( Figure 1A, inset) ; the observed median and mean SI values 135 were -0.42 and -0.54, respectively.
136
Two distinct promoter classes have been proposed in mouse, human and Drosophila, defined according 137 to the shape of empirical (generally CAGE-based) 5 -end distributions (Carninci et al. 2006, Hoskins et al. 138 2011, Kadonaga 2012) . We reasoned that if two distinct classes of promoter exist in D. pulex, then the 139 shapes we observe should be bimodally-distributed. We fit the distribution of consensus promoter shapes 140 using an expectation-maximization (EM) algorithm (see Methods), and see strong support for a two- shapes. This result provides evidence for the existence two classes of promoter in D. pulex and is 143 consistent with previous findings. We classified consensus promoters into categories according to SI, 144 peaked (n=738), broad (n=1318) or unclassified (see Methods). An example of a peaked and broad 145 consensus promoters found within our CAGE dataset is shown in Figure 2C . Global studies of transcription initiation across metazoan diversity identified distinct dinucleotide com-153 positions at the TSS (Frith et al. 2008 , Nepal et al. 2013 . We investigated dinucleotide preferences in 154 D. pulex, measuring the dinucleotide frequencies present within the [-1,+1] interval relative to CTSSs.
155
We observe a strong preference for CA, GA, GC, GG, and GT relative to background (p <0.01; see 
7
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158
De novo discovery of consensus promoter elements in D. pulex
159
Core promoter elements and their motif consensus sequences have been identified in D. melanogaster 160 (Ohler et al. 2002 , Down et al. 2007 , Kadonaga 2012 , mammals (i.e. human and mouse) (Carninci et al. 161 2006, FANTOM Consortium and the RIKEN PMI and CLST (DGT) 2014) and other metazoan model 162 organisms: worm, C. elegans (Saito et al. 2013) , and zebrafish, D. rerio (Nepal et al. 2013, Haberle et al. 163 2014).
164
Cis-regulatory motifs of any kind in D. pulex are unknown, so we sought to identify core promoter 165 elements using the CAGE data generated in this study. To accomplish this, we performed de novo 166 motif discovery using CAGE evidence (see Methods), applying sequence windows corresponding to core 167 promoters ([-50,+50] ). This procedure revealed a set of eight core promoter elements in D. pulex ( Figure   168 3). To evaluate their similarity to known core promoter elements, we performed sequence alignment of 
171
We find two motifs within our set with strong sequence identity to the most well-characterized metazoan 172 core promoter elements. The motif Dpm2, which has the consensus TATAWAA, has significant identity found at 12.04% of promoters.
178
In addition to TATA and Inr, we report a variety of motifs within our set of D. pulex core promoter 179 elements ( Figure 3 ). Dpm5 (consensus TGGCAACNYYG), exhibits significant similarity to (E-value 180 = 5.76×10 -8 ) to the "Ohler8" motif in D. melanogaster (Ohler et al. 2002) Large-scale TSS profiling in D. pulex The abundance of CAGE tags that map to a putative promoter region provides quantitative measurement 225 of the extent of transcription initiation at that site; this is capable of estimating expression of the 226 associated genes (Murata et al. 2014 , Balwierz et al. 2009 ), so we sought to identify differentially-227 expressed genes across the three states surveyed by our CAGE experiment. We used our defined set 228 of consensus promoters (Table 2 ; n=10,665) and compared the normalized quantities of CAGE reads 229 within a given state. Consensus promoter expression (i.e. the abundance of CAGE tags present at a 230 consensus promoter in a given state) was measured using the number of mapped CAGE tags within 231 the promoter and were represented in units of tags per million (tpm). An illustration of tag abundance 232 within consensus promoters across the three states surveyed in this study is presented in Figure 5A . We 233 carried out differential expression analysis across all libraries using limma (Ritchie et al. 2015) , applying 234 the mean-variance relationship of log-tpm (see Methods). During our analysis we compared promoter 235 expression between each state separately (e.g., sexual females vs. asexual females, etc.) in addition to the 236 following comparisons: males vs. both females, sexual vs. asexual females, comprising five comparisons in 237 total. We observe that an average of 1359 consensus promoters were differentially-expressed within each The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/047894 doi: bioRxiv preprint first posted online Apr. 20, 2016; Large-scale TSS profiling in D. pulex significantly decreased activity ( Figure 5B ). We observe the greatest number of differentially-expressed 240 promoters (n=1206; upregulated, n=1052; downregulated) in the comparison between males and asexual 241 females. Differentially expressed consensus promoters exhibit a complex topology of enrichment patterns 242 across all three states; representative comparisons for asexual females are shown in Figure 5C and Figure   243 5D. Heatmaps of differentially-expressed promoters from other comparisons are presented in Figure S3 . We investigated the set of differentially-expressed promoters between each state, asking if the members of 247 each respective gene set were enriched for common functions. We carried this out using the Gene Ontol-248 ogy (GO), using GO terms associated with the gene adjacent to each differentially-expressed consensus with the cell cycle KEGG pathway ( Figure S6 ), 5 out of 9 (Cdc20, CycA, CycB, CycE and Cdk2; 55.6%) 263 are functionally designated as "meiotic" by at least one study (Schurko et al. 2009 respectively, are shown ( Figure 5E ).
271
We investigated the set of upregulated genes in the (facultatively) asexual females within our study, 272 asking about the extent of the concordance between the differentially-upregulated genes and scaffolds 273 known to be physically linked to obligate asexuality (Tucker et al. 2013) . Considering the genomic 274 locations of differentially-upregulated genes, we unexpectedly find that a fraction (4/15 genes) are located 275 on scaffolds linked to "asexual" chromosomes. This list includes Cdk2 (scaffold 77/ChrVIII), Tim-C 276 (scaffold 76/ChrVIII), Plk1-C (scaffold 9/ChrIX) and HDAC (scaffold 13/ChrIX). We also note that 277 two of the 15 genes, CycE (scaffold 163) and β-TrCP (scaffold 169) are located on short scaffolds that 278 were not previously tested (Tucker et al. 2013) . Figure 6C , including the consensus promoter region and major CTSS 288 identified by this study. The core promoter contains a TATA box (5'-TATATA-3') at -27. We looked 289 in the proximal promoter region for the juvenoid response element (JRE; 5'-CTGGTTA-3') identical 290 to the one reported in D. magna (Gorr et al. 2006 ), but did not find one. We anticipate that future 291 investigation will identify the precise cognate cis-regulatory elements within this region. An additional 292 example of sex-specific expression is shown in Figure S4 , where upregulation of the consensus promoter 293 for the gene encoding the egg protein vitellogennin among asexual females is presented. 
12
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Discussion
295
In this study, we performed CAGE (Kodzius et al. 2006 , Takahashi et al. 2012b ) to map 5 -mRNA ends 296 and identify active promoters within the ubiquitous aquatic microcrustacean Daphnia pulex, providing a 297 taxonomic extension to the picture of metazoan promoter architecture. We report an average of 11,448
298
TSRs across the three conditions, 12,662 unique TSRs, and 10,580 consensus promoters. This D. pulex 299 promoter atlas provides the first comprehensive collection of cis-regulatory elements within Crustacea.
300
We measured the occurrence of our CAGE-derived annotations with sites within the D. pulex genome, The high depth of sampling and variety of stages measured in this study would be expected to reveal (Figure 2A ) (Hoskins et al. 2011 , Chen et al. 2014 . A proportion of the consensus promoter widths shape distribution is bimodal (Figure 2A , inset) agrees with previous models of promoter classes and 336 provides rationale for the classification of promoters according to shape. We found that broad promoters 337 exhibited higher promoter expression than did peaked promoters ( Figure 2E ), but we did not observe the 338 same relationship between width and expression (data not shown). This suggests that shape is a more 339 faithful representation of CTSS distribution and TSR properties than breadth alone. Our finding that 340 broad promoters have higher promoter expression agrees with the available evidence in other species.
341
In D. melanogaster, promoter width was positively associated with CAGE tag count (the equivalent to 342 "expression" as defined here) (Hoskins et al. 2011) . In D. melanogaster and elsewhere, broad promoters 343 are associated with higher expression and genes with constitutive expression (Lenhard et al. 2012 ). While 344 we did not directly address the relationship between promoter class and gene function in this study, such 345 a comparison will be possible using these data, particularly as the functional annotation (i.e the Gene 346 Ontology) of D. pulex genes improves.
347
We observe a strong preference for specific dinucleotides (CA, GA, GC, GG and GT) at CTSSs 
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357
Our data suggest the overall nucleotide preferences of D. pulex are unusual compared of other meta- planation, 5 guanine addition bias sometimes observed in CAGE studies (Carninci et al. 2006) , for the 364 observed GN enrichment because these were corrected for by our analysis pipeline (see Methods).
365
Our de novo discovery revealed eight distinct enriched motifs that we call the D. pulex core promoter 366 set (Dpm1 -Dpm7 ; Figure 3 ). Of the eight D. pulex core promoter elements, three have significant 367 sequence identity with a core promoter element in D. melanogaster. We find correspondence to major 368 metazoan core promoter elements: Dpm2, with the consensus TATAWAA, displays similarity to the 369 TATA element in Drosophila (TATAAA), and the consensus of the putative Inr motif Dpm3 (NCAGT) 370 has significant identity to the Initiator motif (Inr) of fruit fly, which is NCAKTY (Ohler et al. 2002) Figure 4D) ; the D. melanogaster Ohler8 motif has an equivalent, but more modest, peak at the same 377 position (Down et al. 2007 ). The cis-regulatory role of Ohler8 is unknown, but it has been validated 378 separately on several occasions since its initial discovery (Fitzgerald et al. 2006 , Hoskins et al. 2011 ). In 379 our study, the Ohler8-like Dpm5 motif was observed in a smaller fraction of promoters than observed in 380 D. melanogaster (15.3% vs. 23.2%) (Ohler et al. 2002) . 
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The remainder of the Daphnia promoter motif set is less well-characterized. The five other motifs 382 within our D. pulex core promoter set, Dpm1, Dpm6, Dpm7 and Dpm8 (Figure 3) , lack similarity to suggesting that they lack location preferences within core promoter regions.
388
The core promoter motif discovery described in this study is the first comprehensive glimpse into 389 the cis-regulatory repertoire of D. pulex, and indeed for any crustacean. We observe strong cognates to Figure 4F) . A finely-tuned motif discovery approach that selects only specific 396 promoter classes (e.g. only Inr-containing promoters) is necessary as it would be more suited for discovery 397 of BRE and DPE, which are less abundant than TATA and Inr.
398
In total, 3 of 8 Dpm motifs identified by our study lack obvious homologs in Drosophila. While
399
we cannot propose precise functions for these putative core promoter elements, the overall positional 400 enrichment and motif co-occurrence data ( Figure 4A-4D and a small number of other elements (including Pause Button, which we do not find in our set) are 403 very likely to exhibit a peaked shape (Hoskins et al. 2011) . By contrast, broad promoters are depleted 404 for TATA and Inr (Rach et al. 2009 , Hoskins et al. 2011 ; in mammals, they are associated with CpG
405
Islands (Lenhard et al. 2012) . Our finding that TATA and Inr-containing promoters have a more peaked 406 shape than TATA-less promoters ( Figure 4G ) is consistent with this model. A complete characterization 407 of the relationship between core promoter (i.e. Dpm) motif composition (especially TATA and Inr) and 408 TSR shape and expression will require further analysis of the evidence generated in this study. 
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414
Upon closer inspection, we find strong overlap between genes in these categories and those belonging 
425
Although we lack comparable sources of expression data in Daphnia, the apparent increase in Cdc20 426 expression we observe here parthenogeneisis is consistent with current model of parthenogenic oogenesis 427 in D. pulex, which is known to consist of abortive Meiosis I followed by a normal, Meiosis II-like division 428 (Hiruta et al. 2010) . We posit that the apparent differential regulation of meiosis and cell-cycle genes 429 observed here is evidence for the transcriptional changes to meiosis that accompany parthenogenesis 430 in D. pulex. However, it must be emphasized that additional molecular and cytological work will be 431 required to appropriately address this question.
432
Finally, the identity and genomic position of several genes upregulated in asexual females on scaffolds 433 associated with the evolution of asexuality ( Figure 5E ) is worth noting. Among these are Cdc20 (scaf-434 fold 76/ChrVIII) and HDAC (scaffold 13/ChrIX), two genes that were recently shown to be strongly 435 upregulated in cyclic parthenogenesis (relative to obligate parthenogenesis) in Bdelloid rotifers (Hanson 436 et al. 2013 ).
437
Taken together, our large-scale analysis of transcription initiation in the microcrustacean D. pulex 438 provides the first glimpse of cis-regulation and core promoter architecture in Crustacea. We find that D. 
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444
and comparative genomic analysis across metazoan diversity. We anticipate that, using this resource, 445 comparisons between D. pulex and the fruit fly and fellow arthropod D. melanogaster, which are˜600My 446 diverged (Hedges et al. 2006) , will be of particular utility.
447
Methods
448
Focal genotype and maintenance of individuals
449
The Daphnia pulex genotype used in this work was isolated from Portland Arch Pond (Warren County,
450
Indiana, USA; geographic coordinates: 40.2096
• , -87.3294
• ) and is identified as PA13-42 (hereafter 451 PA42). The PA42 clone originates from a well-characterized natural population (Lynch et al. 1989 ).
452
D. pulex individuals from the PA42 clone are cyclical parthenogens, meaning that they are capable 453 of reproducing both asexually through eggs that develop directly or sexually through diapausing eggs.
454
All individuals used in this study were the result of asexual reproduction. Females were maintained 455 in 3L containers containing COMBO media (Kilham et al. 1998 
18
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RNA isolation and quantification
465
Whole D. pulex individuals (approximately 50-75) were collected from fresh cultures from each of the 466 three aforementioned states. Collections were homogenized manually using a small pestle in microcen-467 trifuge tubes containing lysis buffer. Isolation of total RNA was performed using solid phase extraction 468 (Bioline, Inc). Samples were snap-frozen in liquid nitrogen and stored at -80
• C. RNA samples were 469 quantified and evaluated for quality and using the Bioanalyzer 2100 (Agilent Technologies).
470
CAGE library preparation and sequencing
471
A multiplexed CAGE library was constructed as described (Takahashi et al. 2012a ) from 5µg total RNA 472 sample using the nAnT-iCAGE protocol (Murata et al. 2014 ) (K. K. DNAForm, Yokohama, Japan).
473
Briefly, total RNA was reverse transcribed using a random "N6 plus base 3" primer (TCTNNNNNN),
474
using SuperScript III reverse transcriptase (Thermo Fisher). Following oxidation (with sodium perox-475 ide) and biotinylation of the m7 G cap structures, 1 st -strand-complete mRNA:cDNA hybrids were bound 476 with streptavadin beads, pulled down with a magnet, and released. This was followed by ligation of the 5 477 linker, which includes the 3nt barcode (e.g. iCAGE 01 N6 5 -CGACGCTCTTCCGATCTACCNNNNNN- 3 ) followed by 3 linker ligation. Finally, 2 nd -strand synthesis was performed using the nAnT-iCAGE (2016) Large-scale TSS profiling in D. pulex California, Berkeley Genome Sequencing Laboratory (Berkeley, CA, USA).
492
CAGE processing, alignment, and rRNA filtering 493 All CAGE-adapted sequence reads (1.82×10 8 ) were demultiplexed (http://hannonlab.cshl.edu/fastx_ 494 toolkit/index.html), creating eight separate fastq files corresponding to the original CAGE libraries.
495
All CAGE-adapted sequences (47bp) from each library were aligned separately using bwa (Li and 496 Durbin 2009) to the D. pulex assembly v1.1 (JGI) (Colbourne et al. 2011 We are grateful to Peter Cherbas and Sen Xu for critical comments to the manuscript, and to Teresa
513
Crease for assistance with aspects of the methodology. We would like to thank Kim Young for her work 514 culturing Daphnia collections. We thank Xiangyu Yao for contributing to our motif discovery workflow.
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